The neurofibromatosis 2 protein product merlin, named for its relatedness to the ezrin, radixin and moesin (ERM) family of proteins, is a tumour suppressor whose absence results in the occurrence of multiple tumours of the nervous system, particularly schwannomas and meningiomas. Merlin's similarity to ERMs suggests that it might share functions, acting as a link between cytoskeletal components and the cell membrane. The Nterminus of merlin has strong sequence identity to the N-terminal actin-binding region of ezrin ; here we describe in detail the merlin-actin interaction. Employing standard actin co-sedimentation assays, we have determined that merlin isoform 2 binds F-actin with an apparent binding constant of 3.6 µM and a stoichiometry of 1 mol of merlin per 11.5 mol of actin in filaments at saturation. Further, solid-phase binding assays reveal that
INTRODUCTION
Merlin, the tumour suppressor protein deficient in neurofibromatosis 2 (NF2), has high structural and sequence similarity to the ezrin, radixin and moesin (ERM) family of cytoskeletonplasma-membrane linker proteins [1] . Merlin is 63 % identical with the ERM proteins at the N-terminus, a region designated as the FERM (4.1 and ERM) domain [2] . In ERM proteins, the FERM domain binds directly to the cytoplasmic domains of several integral membrane proteins such as CD44, CD43, intercellular cell-adhesion molecule (ICAM)-1, ICAM-2 and ICAM-3 [3, 4] . In addition, these domains in merlin and ERM (MERM) proteins bind the C-termini of the cytoplasmic adaptor protein, Na + \H + exchanger regulatory factor (NHE-RF) [5, 6] , and its related family member NHE-RF2 [7] . The interaction of NHE-RF and NHE-RF2, via their PDZ domains, with multiple ion channels and receptors, might potentially associate the MERM proteins to the Na + \H + exchanger type 3, β # -adrenergic receptor, purinergic P2Y1 receptor, cystic fibrosis transmembrane conductance regulator, the Na + \HCO $ − cotransporter and the vacuolar proton pump H + -ATPase [7] [8] [9] [10] [11] [12] [13] .
In MERM proteins, the FERM domain is followed by an extended α-helical region and a charged C-terminus, although merlin maintains only respectively 21 % and 35 % sequence similarity with each region to the ERM proteins [2] . Moreover, unlike the ERM proteins, merlin exists as two major isoforms distinguished by alternative C-termini. Merlin isoform 1 is a 595-residue protein, derived from 16 constitutive exons, 1-15 and 17, whereas isoform 2 is a 590-residue protein resulting from the alternatively spliced exon 16, replacing 16 C-terminal residues with 11 novel residues [1] . The C-termini of both isoforms of merlin bind βII-spectrin ; isoform 2 binds more effectively [14] .
In view of the multiple ligands identified for ERM proteins, it has been proposed that the ability to associate homotypically and heterotypically with each other might regulate their activities [3, 4] . The intramolecular or intermolecular interaction of specific N-and C-ERM association domains (' ERMADs ') results in folded (' closed ') and inactive ERM proteins owing to the masking of their N-and C-terminal ligand-binding sites [3, 4] . Similarly, merlin isoform 1 is capable of these ' head-to-tail ' interactions, such that its N-terminus can associate with the C-termini of both isoform 1 and moesin, but not with the Cterminus of isoform 2. Merlin isoform 2 therefore seems to exist in a constitutively ' open ' or active conformation owing to its exposed ligand-binding sites [15] [16] [17] [18] . Phosphorylation and\or the binding of PtdIns(4,5)P # seem to disrupt these intramolecular and intermolecular interactions, exposing the N-and C-terminal binding sites and thereby activating their respective plasmamembrane-cytoskeletal cross-linking functions [4, 15, 19] .
The C-termini of both ezrin and moesin bind directly to actin in itro via a conserved actin-binding site contained in the last 34 residues [20] [21] [22] [23] . Merlin lacks this domain owing to its partly divergent C-terminal sequence. Despite the lack of a conserved C-terminal actin-binding domain, merlin localizes to actin-rich structures in cultured cells [24] [25] [26] [27] and associates with the detergent-insoluble cytoskeletal fraction of cell lysates [26, 28, 29] .
Recently, binding studies in itro in ezrin revealed two additional actin-binding sites at the N-terminus, residues 13-30 and 281-310, which bind F-actin and both F-and G-actin respectively [30] [31] [32] . This actin-binding region is highly conserved in merlin ; the ability of merlin to bind actin through this domain was reported, although the influence of the interdomain selfassociation of merlin isoform 1 on actin binding was not addressed [33] . Another study did not observe this binding site in merlin isoform 1 by "#&I-labelled F-actin blot overlays [18] .
The present study was undertaken to characterize, in depth, merlin's association with actin, incorporating isoform specificity as well as quantitative and functional analyses. Using standard co-sedimentation and solid-phase binding assays, we show that merlin's ability to self-interact in an isoform-specific fashion alters its ability to bind actin and that the binding affinity for actin is distinct from that determined for ezrin. Pyrene-labelled actin disassembly assays provide evidence that merlin isoform 2 stabilizes actin filaments by binding to their sides and slowing disassembly. These results offer a more complete understanding of merlin's normal role as a cytoskeleton-associated membrane organizing protein, which ultimately might aid in revealing how disruption of this function results in the loss of merlin's tumoursuppressing capacity.
MATERIALS AND METHODS

Materials and antibodies
Actin isoforms were detected by Western blot analyses with a mouse monoclonal actin antibody (Sigma) ; glutathione S-transferase (GST) protein was detected with monoclonal anti-GST (Santa Cruz Biotechnology). Merlin was detected by using affinity-eluted rabbit polyclonal antibody N21, whereas electron microscopy used the mouse monoclonal antibody 1C4. These antibodies recognize both isoforms of merlin [24] . Purified actin was isolated from rabbit skeletal muscle (α-actin) and rabbit brain ( β\γ-actin) as described previously [34] . All experiments in itro were conducted with purified rabbit skeletal muscle α-actin unless specified otherwise. Monomeric pyrene-labelled rabbit skeletal muscle α-actin was prepared as described previously [34] .
Preparation of recombinant merlin proteins
Human merlin full-length and truncated fusion proteins were expressed and purified from Escherichia coli [24] . Merlin deletion constructs with residues 1-332, 1-345, 340-595 and full-length isoform 1 (residues 1-595) and isoform 2 (residues 1-590) were expressed as GST fusion proteins in pGEX2T. GST fusion proteins were purified with glutathione-Sepharose 4B (Pharmacia) as described previously [24] . For assays in which the GST moiety was removed, fusion proteins were treated with bovine thrombin (Sigma) for 2 h at room temperature.
Actin co-sedimentation
All samples were precleared by centrifugation at 200 000 g (TLA 100 rotor ; Beckman Instruments) for 20 min at 4 mC. F-actin (α or β\γ), polymerized at 40 µM in buffer B [10 mM Hepes (pH 7.0)\100 mM KCl\2 mM MgCl # \0.1 mM EGTA\0.5 mM dithiothreitol\0.5 mM ATP] with 40 µM phallacidin (Sigma) [34] for 30 min at 37 mC, was added to variable concentrations of merlin full-length or deletion constructs (0.05-3.0 µM), to a final concentration of 4 µM. Samples were incubated for 30 min at room temperature before centrifugation at 200 000 g for 20 min. Supernatant and pelleted samples were adjusted to 150 µl in SDS\PAGE sample buffer. Equal volumes of supernatant and pelleted samples, in the presence and absence of F-actin, were analysed by SDS\PAGE [10 % (w\v) gel] and transferred electrophoretically to nitrocellulose membranes (Bio-Rad). The integrity of F-actin in pelleted samples was revealed with filters treated with 0.2 % Ponceau S. Filters were immunoblotted with the N21 anti-merlin antibody (1 : 100), and proteins were detected with horseradish peroxidase-conjugated secondary antibodies and the enhanced chemiluminescence SuperSignal detection systems (Pierce). Assays were conducted in parallel in the absence of F-actin (self-pelleting) and standards for each concentration were run on separate gels to quantify the total protein added (standard curves).
Solid-phase binding assays
GST-cleaved merlin isoforms 1 and 2, as well as N-and Cterminal deletion constructs, were assayed for F-and G-actin binding with a solid-phase protein-protein binding assay essentially as described [31] . Constant (2 µM) or titrated (0.5, 1 and 2 µM) recombinant merlin constructs or controls (BSA or GST) were coated in 96-well microtitre plates (Nunc) in 75 µl of buffer B (F-actin-promoting buffer) overnight at 37 mC. Wells were rinsed and residual binding sites were blocked in 2 % (w\v) BSA\coating buffer. After wells had been rinsed with the appropriate F-or G-actin buffer [buffer A ; 2 mM Hepes (pH 7.0)\0.2 mM MgCl # \0.2 mM CaCl # \0.5 mM dithiothreitol\ 0.5 mM ATP], F-or G-actin (5 µM and 50 nM respectively) was added to each merlin-coated well for 1 h at room temperature. Wells were rinsed and protein complexes were eluted by adding 50 µl of SDS\PAGE sample buffer to each well for 20 min at 65 mC. Samples were resolved by SDS\PAGE, transferred to nitrocellulose and immunoblotted with appropriate anti-merlin and anti-actin antibodies. Signals were detected with horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence detection systems (Pierce). For quantification experiments, constant concentrations of merlin isoforms (1 or 2 µM in 50 µl) were coated on microtitre plates as described above and incubated with 50 µl of 0.25-10 µM F-actin. Actin standards (0.03-4 µM) were run on separate gels to quantify the actin protein bound (standard curves).
Quantification of merlin-actin binding
The relative protein values used to determine the stoichiometry of merlin-actin binding were obtained from Western blots of sedimenting merlin, with or without actin, and known quantities of merlin, by scanning autoradiographs and immunoblots directly with a Fluor-S Multiimager Analyzer (Bio-Rad). The value of merlin full-length isoform 2 and N-terminal construct 1-332 binding to actin was obtained by calculating the difference between the values of pelleted merlin in the presence and in the absence of F-actin. These values were converted to molar concentrations on the basis of the standard curve for each known merlin concentration. Actin saturation was determined by comparing the amount of merlin added into the amount of merlin bound. Linear transformation of these plots (Scatchard plot) provided a K d and a stoichiometric molar ratio of merlin-actin binding. These results are representative of three independent sedimentation assays. Similarly, the solid-phase binding assay also was used to determine the dissociation constant of merlin isoform 2 binding to F-actin. The binding of actin to coated merlin isoforms was calculated from actin standard curves as described above. Merlin-actin interaction
G-actin pull-down assays
GST pull-down assays were performed as described by Rohatgi et al. [35] , with minor modifications. Equal amounts of GST fusion proteins were immobilized on glutathione-Sepharose beads at a concentration of approx. 5 mg\ml of packed beads. G-actin was thawed and precleared at 120 000 g to remove any polymerized actin. Approximately 5-10 µl of beads in 100 µl of XB buffer [10 mM Hepes (pH 7.6)\100 mM KCl\1 mM MgCl # \0.1 mM EDTA\1 mM dithiothreitol], plus 0.1 % (v\v) Tween 20, 0.2 mM ATP and 0.5 mg\ml ovalbumin, was incubated with 0.05 µM G-actin, a concentration below the barbedend critical concentration. After gentle tumbling for 1 h at 4 mC, the beads were washed twice in 100 µl of XB buffer plus 0.1 % (v\v) Tween 20 and 0.2 mM ATP. Proteins bound to the beads were eluted with SDS\PAGE sample buffer, resolved on a Tris\HCl minigel [10 % (w\v) gel] (Bio-Rad) and immunoblotted with a monoclonal anti-actin antibody. Purified NWIP (Nterminal WASP-interacting protein) was kindly provided by Dr N. Ramesh (Children's Hospital, Boston, MA, U.S.A.).
Fluorescent measurement of actin assembly/disassembly
The effect of full-length isoform 2 and N-terminal merlin 1-332 on the rate and extent of polymerization and depolymerization of pyrene-labelled rabbit skeletal muscle actin was determined [34] . For actin polymerization assays, monomeric pyrene-labelled α-actin was polymerized to a final concentration of 1.5 µM in the presence or absence of either 0.03-1.5 µM GST-merlin isoform 2, N-terminal 1-332 or GST (control) proteins in buffer B. For depolymerization assays, pyrene-labelled F-actin (10 µM) was diluted to 0.2 µM in the presence or absence of 0.004-0.2 µM merlin proteins in buffer A [36] . The increase or decrease in the rate of fluorescence was monitored in a PerkinElmer model LS-50 fluorimeter with excitation and emission at 366 and 386 nm respectively, over approx. 10 min. The final fluorescent readings for each sample were obtained at a single time point on the next day.
Electron microscopy
Immunogold labelling was conducted with the anti-merlin monoclonal antibody, 1C4, on Triton X-100-permeabilized meningioma cells. Meningioma cells were plated on coverslips and permeabilized with PHEM buffer containing 0.75 % (v\v) Triton X-100 [34] plus 5 µM phallacidin and protease inhibitors for 2 min. Soluble proteins were removed with a PHEM buffer wash. Before labelling glass-adherent cytoskeletons with the anti-merlin IgG, residual fixative was blocked with 0.1 % NaBH % in PHEM buffer and the coverslips containing the cytoskeletons were washed twice in PBS and twice in PBS containing 1 % (w\v) BSA, pH 8.2. Coverslips were covered with 25 µl of primary antibodies at a final concentration of 10 µg\ml, incubated for 1 h at 25 mC and washed three times with PBS\BSA. Coverslips were then incubated for 1.5 h with a 1 : 20 dilution of goat anti-mouse IgG-coated 10 nm colloidal gold particles, washed three times in PBS\BSA and three times in PBS, and fixed with 1 % (w\v) glutaraldehyde in PHEM buffer for 10 min. Fixed specimens were washed extensively with distilled water, frozen rapidly, freeze-dried and rotary-coated with 1.2 nm of tantalum-tungsten at 45m and 3.0 mm of carbon at 90m without rotation, as described previously [37] . Cytoskeletons were examined and photographed in a Jeol 1200-EX electron microscope with a 100 kV accelerating voltage. No gold labelling was found when primary IgG was omitted or when preimmune IgG was used as a control.
RESULTS
Co-sedimentation of merlin with actin filaments
Using F-actin co-sedimentation assays, we examined the ability of recombinant merlin isoforms as well as N-and C-terminal deletion constructs to bind F-actin. Variable concentrations of GST-merlin fusion proteins were incubated with a constant amount of polymerized F-actin, followed by high-speed centrifugation to pellet F-actin. Equal volumes of pelleted and supernatant material were solubilized in SDS\PAGE sample buffer and analysed by Western blotting. Because ERM and merlin proteins characteristically aggregate and self-pellet [38] , control assays were conducted in the absence of F-actin. The merlin N-terminal segment, encompassing residues 1-332, and the alternatively spliced full-length isoform 2, bound F-actin in a dose-dependent manner, whereas full-length merlin isoform 1 did not bind to F-actin by this method (Figure 1 ). Merlin also bound to β\γ-F-actin in co-sedimentation assays performed with the N-terminus. Although a significant increase in merlin
Figure 1 Actin co-sedimentation with GST-merlin fusion constructs
Top panels : GST-merlin N-terminus 1-332, full-length isoform 1 (residues 1-595) or isoform 2 (residues 1-590), at concentrations ranging from 0.1-3.0 µM, were incubated with or without 4 µM F-actin and subjected to high-speed centrifugation at 200 000 g to pellet F-actin. Pelleted proteins were resuspended in SDS/PAGE sample buffer, separated by SDS/PAGE [10 % (w/v) gel] and transferred to nitrocellulose for immunoblot detection of merlin with the N21 antibody. GST control samples did not pellet in the absence or presence of F-actin (results not shown). The integrity of the F-actin in the pellet was detected by Ponceau S staining of the nitrocellulose. Each assay is representative of three separate experiments for each merlin construct. Bottom panel : schematic representation of merlin isoforms 1 and 2, identifying the major structural domains. The FERM domain, formally referred to as the protein 4.1 domain, precedes a long α-helical stretch interrupted by a proline-rich region and is followed by a charged C-terminus. Isoform 2 differs from isoform 1 only at the C-terminus. The insertion of exon 16 results in merlin isoform 2, a 590-residue protein that is identical with isoform 1 over the first 579 residues [1] . The N-terminal fragment used in these studies encompassed residues 1-332. Abbreviation : aa, amino acid residues.
Figure 2 Saturation and Scatchard analyses of GST-merlin isoform 2
Upper panel : variable concentrations of GST-merlin isoform 2 (0.05-3.0 µM) were incubated with a constant concentration of F-actin and assayed as described in Figure 1 . Merlin cosedimenting with F-actin was quantified by Scanning Fluor-S analysis of immunoblots after subtracting values obtained from self-pelleting (without actin) and compared with total merlin added at each concentration. GST-merlin isoform 2 saturates actin at approx. 2 µM total merlin added. A theoretical saturation curve (5) N-terminus and isoform 2 pelleting was demonstrated in the presence of actin in comparison with pelleting in the absence of actin (self-pelleting), isoform 1 pelleting in the presence and in the absence of actin was almost indistinguishable. Similarly, we were unable to demonstrate actin binding activity with the Cterminal segment of merlin isoform 1, spanning residues 340-595, in co-sedimentation assays owing to the comparable levels of pelleted protein in the absence of actin (results not shown).
The interaction of merlin isoform 2 with actin was quantified with data from F-actin co-sedimentation assays. As increasing concentrations of GST-merlin isoform 2 (0.05-3.0 µM) were added to a constant concentration of F-actin (4 µM), the proportion of merlin sedimenting with the F-actin pellet increased until it saturated at approx. 2 µM of total merlin added ( Figure  2 ). Merlin sedimenting in the presence and in the absence of actin was quantified, and the difference compared with total merlin added was regarded as specifically bound. Scatchard analyses of these data yielded a K d of 3.6p1.7 µM (meanpS.D.) for merlin isoform 2 to actin binding and a saturated stoichiometric molar ratio of 1 : 11.5 (merlin to actin).
Previous reports have suggested that the presence of Nterminal tags on fusion proteins hinders the ability of recombinant ERM proteins to bind actin [31, 32, 39] . Although our results indicate that full-length isoform 2 and the N-terminal 1-332 GST fusion proteins bound F-actin efficiently, we examined whether the inability of merlin isoform 1 to bind Factin in co-sedimentation assays was related to the presence of the GST tag. GST-cleaved merlin isoform 1 also did not demonstrate F-actin binding by co-sedimentation assays. Similarly, we did not observe a significant difference in merlin Nterminus and isoform 2 binding to actin in the absence of GST (results not shown). Multiple co-sedimentation assays showed consistently that merlin in the presence or absence of GST behaved similarly.
Merlin isoform 1 binds actin less effectively than the free Nterminus
To examine further whether merlin isoform 1 is capable of binding F-actin, a solid-phase protein-protein binding assay was employed as an alternative approach [31] . This method, which was used to demonstrate the existence of the middle ezrin F-and G-actin binding sites, alleviates the aggregation problem of merlin. Titrated amounts of GST-cleaved merlin fusion proteins were coated in 96-well microtitre plates and incubated with constant amounts of F-or G-actin. Bound proteins were eluted in SDS\PAGE sample buffer and analysed by immunoblotting. Merlin isoform 1 bound F-actin, although less effectively than the N-terminus ( Figures 3A and 3B ). The C-terminus of isoform 1 (residues 340-595) failed to bind F-actin ; the BSA-coated surface showed no F-actin binding ( Figure 3B) . Similarly, GST-merlin isoform 2 bound F-actin more effectively than isoform 1 in this assay ( Figure 3C ). The solid-phase binding assay was used to quantify merlin isoform 2 binding to actin to provide independent confirmation of the co-sedimentation data. Merlin isoform 2 bound actin with a K d of 2.08p0.74 µM, a value in agreement with that determined by actin co-sedimentation assays. However, we could not quantitatively determine merlin isoform 1 binding to actin by this method, because we were unable to obtain actin binding data reproducibly in the linear range ( Figure 3C ).
Merlin does not bind G-actin
One advantage of the solid-phase binding assay is that it can be used to detect binding of monomeric actin. Although a distinct G-actin-binding site has been identified in the ezrin middle region (residues 281-310) [31, 32] , we were unable to detect G-actin binding to merlin (results not shown). Concurrently with solidphase binding assays, GST pull-down assays were performed as an alternative approach to examine merlin's ability to bind Gactin in itro [35] . In these studies, equal amounts of GST-merlin fusion proteins were immobilized on glutathione-Sepharose beads and incubated at 0.05 µM (below the critical concentration) with G-actin. Bound proteins were resolved by SDS\PAGE and detected by Western blotting. As shown in Figure 4 , GST pulldown assays did not reveal G-actin binding to merlin, confirming the results of the solid-phase binding assay. As controls, the Gactin-binding protein, Wiscott-Aldrich syndrome interacting protein (WIP), bound G-actin strongly, whereas GST-Cdc42 and GST did not.
Merlin slows actin filament disassembly
To assess the role of merlin in actin filament dynamics, actin polymerization and depolymerization assays were conducted multiple times. Pyrene-labelled G-actin was polymerized to 1.5 µM by the addition of KCl and MgCl # to 0.1 M and 2 mM respectively in the presence of increasing amounts of GST-merlin fusion protein isoform 2, N-terminal 1-332 or GST (0.03-1.5 µM). We did not detect any alteration in the rate of actin polymerization in the presence of merlin, indicating that merlin does not nucleate actin assembly ( Figure 5A) .
Next, to determine the kinetics of actin disassembly, pyrene Factin (10 µM) was diluted to 0.2 µM in the absence or presence of 0.002-1.0 µM GST-merlin isoform 2, N-terminal 1-332 or GST (control). F-actin alone, as expected, rapidly disassembled after dilution. The addition of either merlin isoform 2 or the Nterminus consistently slowed the rate of actin depolymerization in a dose-dependent manner ( Figure 5B ). Together with the binding results, this suggests that merlin might be binding to the sides of the actin filaments, thereby stabilizing their lengths. Fluorescence readings taken at extended time points indicated
Figure 6 Localization of merlin in the cortex of a meningioma cell determined in the electron microscope
Merlin was detected in the Triton X-100-insoluble cytoskeleton from a meningioma cell by using the merlin-specific monoclonal antibody 1C4 followed by 10 nm colloidal gold particles conjugated with goat anti-mouse IgG. Immunogold-labelled specimens were photographed after rapid freezing, freeze-drying, and tantalum-tungsten and carbon coating in a Jeol 1200-EX electron microscope. Gold particles of merlin on the cytoskeleton were highlighted in gold with Adobe PhotoShop software to add the colour to the micrograph. Scale bar, 100 nm. Inset : a negative control for the electron microscope image shows no gold labelling when the primary antibody 1C4 was omitted.
that merlin prevented the disassembly of filaments. These results are further supported by the cytoskeletal localization of merlin by immuno-electron microscopy ( Figure 6) . Immunogold staining shows that merlin resides on cortical actin filaments, particularly near their ends where filaments intersect one another. This distribution suggested that merlin was targeted to these cytoskeletal locations by both its actin-binding and membraneprotein-binding properties. Negative controls omitting the primary antibody did not reveal any gold particle (Figure 6 , inset).
DISCUSSION
Merlin, as a tumour suppressor protein, represents a distinct member of the ERM protein family. Merlin differs from the ERM family members in being expressed as two major isoforms with alternative C-termini. Both endogenous and exogenous merlin in cultured cells concentrate in cell surface structures such as membrane ruffles, microvilli and filopodia, where actin filaments associate with plasma membranes [24, 27] . A highaffinity F-actin-binding site present in the last 34 residues of ERM proteins is not conserved in merlin isoforms [1] . This is consistent with the observation that the C-terminal half of either merlin isoform, when expressed in cell culture, is not associated with stress fibres [25] . Recent studies document two actin-binding domains within the N-terminal and middle regions of the ERM proteins, which bind to F-actin and to F-and G-actin respectively [30, 31] . In comparison with ERM proteins, merlin binding to actin is not well characterized. Blot overlay experiments performed with "#&I-labelled F-actin and merlin isoform 1 revealed no detectable binding to F-actin [18] . Actin co-sedimentation assays performed with products of merlin isoforms transcribed and translated in itro revealed binding to F-actin via the Nterminus with no difference in the ability of both isoforms to bind F-actin [33] . The actin cytoskeleton mediates a variety of dynamic functions, including maintaining cell shape and regulating cell polarity, motility and division. Changes in the actin cytoskeleton of transformed cells, the role of adherence in transformation and metastasis, and the ability of some transforming genes to affect primarily cytoskeletal proteins all emphasize the significance of the actin cytoskeleton in cancer [40] . Defining merlin's normal function as a cytoskeleton-membrane linker protein and also its role in actin assembly might be critical for understanding the basis for NF2 and NF2-related tumours. We therefore undertook a detailed biochemical characterization of the merlin-actin interaction and demonstrated differences between the two major merlin isoforms as well as between merlin and the ERM proteins.
Although sharing several properties with ERM proteins, merlin differs from these proteins in its mode of interaction with the actin cytoskeleton. The subcellular distribution of merlin with detergent extraction methods demonstrates that merlin is recovered exclusively in the insoluble\cytoskeletal-associated fraction of cells ( [29] ; M. F. James and V. Ramesh, unpublished work), thus differing from ERM proteins, which distribute similarly to both the soluble and the insoluble fractions [23, 28] . Employing actin co-sedimentation assays, we have demonstrated that the free N-terminus of merlin and full-length merlin isoform 2 are capable of binding to actin through a N-terminal actinbinding region that was identified in ezrin [31] . We have also shown that merlin isoform 2 to actin binding is saturable, with a K d of approx. 3.6 µM and a stoichiometric association of 12 actin molecules bound per merlin molecule. From the stoichiometry of 1 : 12 (merlin to actin), we can envisage the N-terminal half of merlin as contacting both strands of an actin filament composed of 12 actin molecules spanning a length of 37 nm. With cosedimentation assays we were unable to observe merlin isoform 1 binding to actin, which is contrary to a previous paper [33] . However, we have shown with the solid-phase binding assay that merlin isoform 1 binds actin, although to a lesser extent than the free N-terminus and isoform 2. Other studies have shown that ezrin binds to actin in a saturable manner with a molar ratio of approx. 1 : 10 (ezrin to actin) and with K d values of 50-500 nM [31, 41] . Another recent study elegantly demonstrated that phosphorylated moesin interacts with F-actin with a relatively high affinity (K d $ 1.5 nM) and a maximum stoichiometry of 1 : 1 [23] . Thus merlin seems to bind actin with a lower affinity than that reported for ERM proteins.
Merlin's influence on the kinetics of actin disassembly differs from that of ezrin, which has been reported to promote pyrenelabelled actin assembly, with predominant effects on the filament elongation of β-actin [41] . Merlin has no effect on actin polymerization but can inhibit actin depolymerization in a dosedependent manner. In addition, merlin does not bind G-actin. These observations indicate that the inhibitory effect of merlin on F-actin depolymerization is not due to capping of the ends of actin filaments or to nucleating activity, and suggests that merlin probably stabilizes F-actin through a lateral association. The latter possibility is further supported by electron microscopy data, which illustrate merlin as residing along filament lengths, most highly concentrated at cortical actin-rich regions. Among the ERM proteins, radixin exhibits actin barbed-end binding activity, whereas moesin and ezrin seem to bind to the sides of the filaments [4, 22, [41] [42] [43] .
Mutational analyses of both germline and somatic alterations in the NF2 gene revealed a wide variety of inactivating mutations, most of which are predicted to truncate the protein. Interestingly, no mutations have been reported in either exon 16 or exon 17, implying that both merlin isoforms might be necessary for tumour suppressor function [1] . Structure-function analyses performed with naturally occurring NF2 mutations reveal a significant increase in detergent solubility of mutant merlin in comparison with wild type, indicating a decreased ability of mutant merlin to interact with the cytoskeleton. Localization studies further demonstrated that many of the mutants likely to impair tumour suppressor activity of merlin failed to maintain a stable interaction with actin [29, 44] . Merlin isoform 2, owing to its ' open ' state, is able to interact more effectively with NHE-RF and the actin cytoskeleton than merlin isoform 1, in which the equivalent sites are masked in the ' closed ' state. NHE-RF links merlin isoforms to various ion channels and receptors that provide new possibilities for effects on intracellular signalling. Merlin isoform 2 in its constitutively active state is likely to have more effects on intracellular signalling mediated either through NHE-RF or other partners, and thus might have a role distinct from that of merlin isoform 1.
The key components controlling actin cytoskeletal organization are the Rho-GTPase family members, Rho, Rac and Cdc42. They are believed to act as molecular switches regulating signal-transduction pathways that link membrane receptors to the cytoskeleton [45, 46] . The N-terminal halves of the ERM proteins bind to the RhoGDP dissociation inhibitor (RhoGDI), releasing bound GDP-Rho from RhoGDI and initiating the activation of Rho family members [47] . Rhokinase, a downstream target of active Rho, can phosphorylate ERM proteins in itro, stabilizing the active state of these proteins [38] . Thus ERM proteins are clearly implicated in the Rho-GTPase signalling pathway. On the basis of the N-terminal sequence similarity of merlin and the ERM family members, the ability of merlin's N-terminus to bind RhoGDI was tested and found to bind RhoGDI [28] . Merlin's role in the small Rho-GTPase signalling cascade is not yet defined. By acting as a linker connecting plasma membrane proteins to the actin cytoskeleton, merlin is likely to be an active player in this signalling cascade leading to actin reorganization, the disruption of which might lead to NF2-related tumours.
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